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Summary

DNA barcoding using a fragment of the mitochondrial cytochrome ¢ oxidase subunit
1 (Coxl1) gene is a promising tool not only in animals but also for many groups of
protists, including Amoebozoa. To use this tool, we need a reference database for the
comparison and assignment of newly obtained sequences. As NCBI/GeneBank®
is the most complete molecular sequence database to date, it is logical to use it as a
reference database. In fact, it is used as such, when the newly obtained sequences are
checked against this database using BLAST. Yet, a quarter of all available barcoding
Cox1 sequences of Amoebozoa would not be seen in the BLAST results, as they are
deposited with the status ‘UNVERIFIED’. Some of these sequences show reading
frame shifts due to multiple single nucleotide deletions. These deletions, seen at
the genomic level, may indicate presence of insertional RNA editing in this gene.
This phenomenon was experimentally proven only in myxomycetes and Arcellinida
among Amoebozoa. Interestingly, many sequences marked as UNVERIFIED do
not show frame shifts or other signs of RNA editing, while some of the sequences
that are not assigned this status, do. For the sequence database to be fully searchable,
new sequences have to be properly accessioned. A recent communication with NCBI
confirms that when a sequence has putative editing sites, the submitter should provide
a note on this feature and references to appropriate papers. In this case, the sequence
can be accessioned normally.
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Cytochrome c oxidase subunit 1 (Cox1) gene
as a DNA barcoding marker for Amoebozoa

The DNA barcoding was initially developed
as the approach to species identification in living
organisms based on DNA sequences (Hebert et
al., 2003a, 2003b; Hebert and Gregory, 2005). As

reviewed in DeSalle and Goldstein (2019), DNA
barcoding has grown during the two decades into
a powerful research area with almost 4000 papers
published and applications in fundamental research
from alpha-taxonomy to ecology and community
structure analysis, and in practice, from conservation
biology to forensics. Primarily, DNA barcoding was
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developed for traditional ‘kingdoms’ of multicellular
organismes, i.e., metazoans, green plants, and fungi.
Different molecular markers were proposed for these
groups. The earliest of the DNA barcodes was ca.
700 b.p. long part of the mitochondrial cytochrome
c oxidase subunit 1 gene (Cox1) proposed asa DNA
barcode for animals (Hebert et al., 2003a). The
choice of this particular locus is based on the fact
that the Cox1 gene is among the most conservative
protein-coding genes in animals (Brown, 1985). This
allowed the construction of universal primers for
PCR amplification of this fragment (Folmer et al.,
1994). The data accumulated since this publication
became a basis for the founding work of Hebert et
al. (2003a) where it was shown that this fragment
allowed high-level taxa identification based on the
amino acid sequences, and species identification
based on the nucleotide sequences. Later on, plastid
loci rbcL. and matK were recommended for land
plants (CBOL Plant Working Group, 2009), and
nuclear internal transcribed spacers (ITS) — for
fungi (Seifert, 2009; Begerow et al., 2010; Schoch
etal., 2012).

The molecular genetic diversity of protists is
much broader than that of the above-mentioned
kingdoms. Animals, fungi, and plants branch in
derived positions in more inclusive Opisthokonta
and Archaeplastida (Adl et al., 2019). In terms of
genetic diversity, protists are almost equivalent to
all eukaryotes. Therefore, it is clearly unrealistic
to expect a single or even a few DNA barcoding
markers for all protists. Therefore, CBOL Protist
Working Group (ProWG) proposed a two-step
approach to DNA barcoding of protists (Pawlowski
etal., 2012). The main idea behind this approach is
to use a V4 variable region of small-subunit (SSU)
ribosomal RNA gene as a universal barcode for
preliminary identification followed by application
of group-specific barcodes designated depending
on a specific clade where the species being identified
belong. Several studies that specifically addressed
group-specific barcodes for lobose amoeboid
protists (Amoebozoa) mostly came to a consensus
that a mitochondrial locus, a partial sequence
of the cytochrome ¢ oxidase subunit 1 (Coxl)
gene, is the most perspective DNA barcode for
this clade. After a pioneering study by Nassonova
et al. (2010) on members of the genus Vannella
Bovee, 1965 (Flabellinia), the utility of this mar-
ker was demonstrated in arcellinid testate amoebae
(Kosakyanetal.,2012,2013,2015,2016; Singeretal.,
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2015; Duckertetal., 2018, 2021; Gonzalez-Miguéns
etal., 2022), as well as in the genera Cochliopodium
Hertwig and Lesser, 1874 (Himatismenida; Geisen
etal., 2014; Tekle, 2014; Kudryavtsev et al., 2021),
Korotnevella Goodkov, 1988, and Neoparamoeba
Page, 1987 (Dactylopodida; Zlatogursky et al.,
2016; Hansen et al., 2019; Udalov and Volcker,
2022). Some sequences without a detailed analysis
of barcoding power were obtained also for naked
Tubulinea (Copromyxa and Saccamoeba; Kostka
et al., 2017), several more Dactylopodida (Cunea
Kudryavtsev and Pawlowski, 2015, Paramoeba
Schaudinn, 1896, Pseudoparamoeba Page, 1979,
and Vexillifera Schaeffer, 1926; Kudryavtsev and
Pawlowski, 2015; Kudryavtsev et al., 2018; English
et al., 2019; Volkova et al., 2019; Kudryavtsev and
Volkova, 2020; Kudryavtsev et al., 2020; Udalov
et al., 2020), several more Vannellida (species of
Vannella, Clydonella Sawyer, 1975, Paravannella
Kudryavtsev, 2014, and Ripella Smirnov et al., 2007;
Kudryavtsev, 2014; Kudryavtsev and Gladkikh, 2017;
Kudryavtsev and Volkova, 2018; Kudryavtsev et al.,
2019), and Squamamoeba (Cutosea; Kudryavtsev and
Pawlowski, 2013). In addition to the taxa mentioned,
quite a few sequences were deposited in NCBI/
GenBank® for Acanthopodida (Acanthamoeba and
Balamuthia) and slime molds (Dictyostelia and
Myxogastria). In Dictyostelium, portions of mito-
chondrial DNA including cytochrome ¢ oxidase
were analyzed together with nuclear markers
(Douglas et al., 2011) to evaluate species borders
and distribution patterns, while in Myxogastria,
the primary interest in this gene was due to the
editing processes that occur in their mitochondria
(e.g. Gott et al., 1993; Horton and Landweber,
2000; Traphagen et al., 2010). Furthermore, the
analysis of the Cox1 gene was part of the DNA
barcoding, alpha taxonomic and population studies
in this group (Feng and Schnittler, 2015; Liu et al.,
2015; Shchepin et al., 2017, 2022; Bortnikov et
al., 2018). In Variosea, Cox1 gene sequences were
obtained only as parts of mitochondrial genomes in
Phalansterium (Pombert et al., 2013), Protostelium
and Planoprotostelium, but otherwise no data are
available. It is noteworthy that outside Variosea,
a number of complete mitochondrial genomes of
Amoebozoa are available in the database, namely
for Vannellida, Dactylopodida, Thecamoeba, Verm-
amoeba, and Acanthamoeba (Fucikova and Lahr,
2016; Bondarenko et al., 2022; reviewed in Bonda-
renko et al., 2019).
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Areference database of Cox1 and challenges
for its creation

In the majority of studies where its barcoding
properties were evaluated, Cox1 was recognized asa
promising DNA marker for Amoebozoa. Therefore,
areally needed action for the practical application of
this marker as a barcode is the creation of a reference
database, i.e., a curated set of annotated sequences
from reliably identified and/or properly described
morphospecies. Such dataset can be used to identify
and assign new sequences, and analyze potential
metabarcoding data. Ideally, this reference dataset
should be a part of publicly available sequence
databases such as NCBI/Genbank® (Sayers et al.,
2022). This facilitates a broad comparison of new
sequences with the existing ones using powerful
search and comparison tools, for example, BLAST
(Altschul et al., 1990). Two points are important
to mention here. First, the NCBI/Genbank® is
the broadest and most comprehensive molecular
sequence database to date, used by anyone who
obtains new sequence data. It is compulsory to
deposit newly published molecular sequences
in this database, which is commonly used as a
reference database by anyone who obtains new
sequences to check the identity of the newly
obtained data. Second, BLAST is a universal and
widely distributed search tool implemented in many
packages and databases. Therefore, BLAST search
of anew sequence against NCBI/Genbank® allows
researchers to verify simultaneously whether the
correct locus was sequenced, and how it is related
to the other, already available sequences. However,
detailed analysis of the contents of the NCBI/
Genbank® database with respect to the Cox1 gene
sequences of Amoebozoa shows that the available
database that could serve as a reference set is still far
from complete, while part of it is invisible when it
comes to the BLAST search. The main issues of this
database are analyzed and described below.

The DNA sequences of the Amoebozoa Cox1
gene, including those contained within the full
mitochondrial genomes, were downloaded from
NCBI and aligned using MAFFT (Katoh and
Standley, 2013) with default parameters. The choice
of an appropriate translation table, translation, and
analysis of reading frame shifts were performed using
Seaview v. 5.0.1 (Gouy et al., 2021). Alignment is
available from the author on request. In total, the
alignment of the amoebozoan Coxl gene sequ-
ences downloaded from NCBI on August 3, 2022
contained 1578 sequences, including 18 sequences

published as part of the complete mitochondrial
genomes. Among them, 388 sequences had an
UNVERIFIED status in the database (Table 1).
This status in the NCBI/GenBank® database
is assigned to the sequences that have no valid
sequence features. According to ‘The GenBank
Submission Handbook’ (https://www.ncbi.nlm.
nih.gov/books/NBK566993/), ‘Feature annotation
is the addition of biological features such as genes
and associated coding regions, structural RNA,
variation information, exon, introns, etc. to your
submitted sequence. The annotation should include
the location of the feature (start and stop) and a
description of the feature.” Even if the features
are provided with the submission, GanBank staff
members manually verify them and can argue
that the features provided by the submitter are not
verifiable. In this case, a comment to the sequence
data appears with the statement “GenBank staff
is unable to verify sequence and/or annotation
provided by the submitter”. Such sequences are
marked as UNVERIFIED and, most importantly,
become “invisible” for the BLAST search, as they
are not included in the corresponding databases.
An obvious drawback of this situation is the lack of
possibility for researchers to fully check the identity
of their newly obtained sequences.

Putative RNA editing, reading frame shifts,
and Cox1 database

Detailed analysis of the published Cox1 sequ-
ences with UNVERIFIED status and the author’s
own experience show that most of them have prob-
lems with their reading frames when analyzed at
the genomic DNA level. In particular, some of
the sequences may undergo post-transcriptional
modifications (i.e., RNA editing). In this case,
a correct reading frame appears only in mRNA,
whereas genomic sequence would demonstrate
frame shifts, specifically if insertional editing is
involved. Even without experimental evidence of
this editing, its presence may be reasonably sug-
gested when sequence quality is satisfactory,
multiple sequences obtained from the same orga-
nism are identical, and the deletions are evident
when sequences in question are compared to other
sequences in an alignment. RNA editing is known
for Amoebozoa and seems to be usual in some groups
where it was proven experimentally. For example,
multiple sites of insertional editing and base con-
version were detected in Physarum polycephalum and
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Table 1. Quantitative characteristics of the publicly available database of amoebozoan
Cox1 gene sequences in NCBI/GenBank®.

Major clade

Genus (species)

Total Cox1 sequences

Unverified Cox1 sequences

Cunea 5 -
Korotnevella 55 51
Neoparamoeba 45+1%* 8
Paramoeba 7+1%* -
Pseudoparamoeba 17 1
Flabellinia Vexillifera 13 1
Clydonella 1+1%* 1*
Paravannella 3+1%* -
Ripella 14 -
Vannella 79+2%* 2+2*
Thecamoeba 1* -
Acanthamoeba 106+1%* -
Balamuthia 7 -
Cochliopodium 74 -
Centramoebia
Ovalopodium 3 -
Parvamoeba 2 -
Planopodium 3 -
Echinamoebida Vermamoeba 3% -
Copromyxa 4 -
Euamoebida
Saccamoeba 1 -
Alabasta 4 -
Alocodera 3 -
Apodera 6 -
Awerintzewia 1 -
Bullinularia 2 -
Centropyxis 1 -
Certesella 1 -
Cornutheca 4 -
Cylindrifflugia 9 -
Difflugia 5 -
Gibbocarina 3 -
Golemanskia 2 -
Arcellinida Hyalosphenia 463 298 (H. papilio)
Longinebela 11 -
Mrabella 3 -
Nebela 121%* 1 (N. jiuhuensis)
Padaungiella 1 -
Planocarina 23 -
Quadrulella 40 -
Trigonopyxis 1 -
Arcella 13 -
Cucurbitella 4 -
Galeripora 26 -
Netzelia 3 -
Zivkovicia 7 -
Cutosea Squamamoeba 5 -
Dictyostelium 78+4* -
Dictyostelia
Polysphondylium 2% -
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Table 1. Continuation.

Arcyria 2 -

Badhamia 2 2

Clastoderma 2 -

Diachea 3 3

Diderma 6 3

Didymium 9 3

Fuligo 1 1

Myxogastria Lepidoderma 19 -
Lycogala 2 1

Perichaena 1 -

Physarum 210 3

Reticularia 1 1

Stemonitis 4 2

Stemonitopsis 1 1

Trichia 13 -

Phalansterium 1* -

Variosea Planoprotostelium 1* 1*
Protostelium 1* 1*

Unidentified Amoebozoa 3 1

Total 1578 388

Notes: *Number of whole mitochondrial genomes. **Including environmental samples.

other myxomycetes (Gott et al., 1993; Horton and
Landweber, 2000). Recently, RNA editing in the
Coxl gene was experimentally shown by Gonzalez-
Miguéns et al. (2022) for Difflugiidae (Arcellinida).
Although these cases were thoroughly documented,
other putative cases of RNA editing in barcoding
studies were just suggested on the basis of alignments
and insilico translation of newly obtained sequences.
For example, it is suggested that insertional editing
is involved in the genus Vannella (e.g. Nassonova
et al., 2010; Bondarenko et al., 2021; Kudryavtsev,
2022), but, to my knowledge, has never been proven
experimentally. Interestingly, the perception of
this putative editing in NCBI has changed with
time. Nassonova et al. (2010) published Cox1
sequences (NCBI/GenBank® accession numbers
GQ354136-GQ354206) with the putative insertion
of a cytosine residue in only one position. These
sequences were accepted and verified, although
the editing pattern was not tested experimentally.
At the same time Cox1 gene sequence of Vannella
sp. MV4 MH535947 (English et al., 2019) contains
three sites where C- or U-insertions may occur.
This looks like a significant reading frame shift,
as the sequence was obtained from the genomic
DNA without experimental evidence for insertional
editing. Consequently, the sequence is marked
as UNVERIFIED. A case of putative editing was

described in a clade of Vannella samoroda and V. ebro
where the latter species contains 12 putative editing
sites in the Cox1 gene (Kudryavtsev et al., 2019).
However, this sequence was correctly annotated and
verified in NCBI. Among 51 Korotnevella sequences
with UNVERIFIED status, only 11 have single
nucleotide deletions that may cause reading frame
shifts. Detailed analysis shows that these deletions
are likely caused by polymerase errors, as all of them
occur in a fraction of different molecular clones of
the same PCR product, and the majority looks like
deletions of a timidine in poly-T areas (Zlatogursky
et al., 2016). Yet, even though the remaining 40
sequences do not contain any indels or reading
frame shifts, they are marked as UNVERIFIED.
Sequences of Korotnevella spp. by Udalov et al.
(2020), on the other hand, are deposited normally,
despite showing no differences in features from the
above-mentioned 40 UNVERIFIED sequences.
Among unverified sequences of Neoparamoeba,
Pseudoparamoeba, and Vexillifera, no reading frame
shifts were detected, except in Neoparamoeba sp.
73BVA, MH535939 (English et al., 2019), so the
reason why they got this status is unclear. Inte-
restingly, a large number of Hyalosphenia papilio
sequences with UNVERIFIED status published by
Hegeretal. (2013) contained eight single nucleotide
deletions that caused the reading frame shift. At



the same time, sequences of the same species pub-
lished later (Gomaa et al., 2014; Oliverio et al.,
2015; Mulot et al., 2017; Singer et al., 2019) and
containing the same deletions were deposited
without this status. Besides, some of the sequences
published by Oliverio et al. (2015) do not contain the
above-mentioned deletions. A similar reason likely
causes UNVERIFIED status for the Cox1 sequence
of Nebela jiuhuensis (Qin et al., 2016). A total of 20
Cox1 sequences from species of different genera of
Myxomycetes are deposited with UNVERIFIED
status likely due to RNA editing that causes frame
shifts when sequence of genomic DNA is analyzed.
Full mitochondrial genomes get this status due to
frame shifts in other genes, as neither frame shifts
nor signs of RNA editing occur in the Cox1 gene
sequences of these genomes.

The above analysis shows that the major chal-
lenge in creation of a public reference Cox1 database
for Amoebozoa based on the NCBI/GenBank®
records is posed by the putative cases of RNA
editing that may occur in this marker. Researchers
who obtain and deposit these sequences are mostly
not in a position to verify every single case of such
editing experimentally; however, the deposition
of a sequence with UNVERIFIED status makes it
virtually invisible for the database users. This may
affect evaluation and analysis of further results. The
main problem is that, even though the proportion of
sequences deposited as UNVERIFIED is currently
low, all species in some of the lineages may show this
editing. In this case, entire genera may theoretically
be invisible in BLAST databases. The most surprising
is that part of the sequences demonstrating the same
features (i.e. putative editing that is seen as frame
shifts at the genomic level) are deposited normally.
This lack of uniformity in the deposition policy is
confusing and misleading.

Facing these difficulties, I tried to find a way
to overcome this problem by communicating with
Genbank staff and discussing the situation. As the
result of this discussion, I would like to suggest an
approach for the researchers who need to submit
Cox1 sequences with unusual features such as
putative editing seen in Amoebozoa to the NCBI/
GenBank® to create a fully searchable public
reference database. The recommendation received
from the GenBank staff suggests that if sequences
with such features are to be submitted, the note
indicating putative insertional editing should be
added to the Qualifiers. If the submitter does not have
experimental evidence for the editing, references to
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the corresponding studies on similar groups should
be provided during subsequent communication with
GenBank staff. In this case sequences are accepted
in the normal status (i.e. searchable by BLAST). 1
followed these recommendations with the recent
submission of the Cox1 sequences OP080613-
OP080627 of Vannella robusta Kudryavtsev, 2022,
which are identical to the Cox1 sequence of Vannella
sp. MV4 deposited as UNVERIFIED (English et al.,
2019; Kudryavtsev, 2022).  would like to encourage
other researchers obtaining Cox1 gene sequences of
Amoebozoa to follow these recommendations so
that the sequences do not obtain ‘UNVERIFIED’
status and become visible in BLAST databases. This
will improve the functionality of NCBI/GenBank®
as a reference Cox1 database for Amoebozoa.
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